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Abstract 
Capacitive biosensors are often used for organic substance analysis like applications for food quality assurance. A biosensor 
readout circuit is presented in this paper capable of covering of very broad range of capacitance (up to hundreds of pF) with very 
good accuracy of a few fF. The readout circuit employs a current source that discharges the selected biosensor from an array of 
64 ones, at time period that is proportional to its capacitance. A low cost microcontroller interfaces the fabricated integrated 
circuit with host computers through USB o RS232. A post processing technique implemented in the firmware of the 
microcontroller, filters noise and guarantees the stable operation of the proposed circuit. The high accuracy and the broad 
capacitance range covered, make the designed biosensor readout circuit appropriate for several applications like genetic analysis, 
food quality, surveillance of environmental conditions etc. 
© 2013 The Authors. Published by Elsevier B.V. 
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1. Introduction 
An example of capacitive biosensor is shown in Fig. 1a and consists of immobilized molecule probes placed on a 
membrane. The developed system searches for the existence of target molecules that are expected to stick on the 
immobilized probes since they are their complementary DNA sequences. The immobilized molecules are placed on 
a membrane that is almost flat before the measurement. The sensor membrane is positioned above a SiO2 insulator 
cavity that separates it from the Si substrate. The membrane forms a variable capacitance with the substrate. When 
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the substance under analysis is spread over the array of biosensors and the biological reaction takes place between 
the substance under test and the immobilized molecule probes, the membrane of each biosensor is curved and the 
amount of curvature determines its new capacitance (Fig. 1b). The capacitance range depends on the experimental 
conditions, the amount of the solution used for the target molecules and it is usually within a range of several pF. 
The biological reaction that takes place between the immobilized and the target molecules may last several minute 
or hours. What is important is to monitor how the capacitance of the biosensors changes rather than measuring 
absolute values. For this reason, the readout circuits should be capable of accurately measuring capacitance changes 
in a wide range of absolute capacitances while the sampling speed is not very important since the monitored reaction 
may last for hours. Several conclusions about the examined substance can be extracted by biologists or chemists by 
studying the curves of the biosensor capacitance variation in time.  
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Fig. 1. (a) the biosensor structure before; (b) and after the reaction. 
Capacitive sensors are often used for measuring pressure [1] and humidity [2]. Charge Sensitive Amplifiers 
(CSA) [3], or Switched Capacitance Interface (SCI) [4] map an input capacitance to a voltage level or a pulse with 
proportional duration. In the first case, an ADC like the one presented by the authors in [5] can be connected at the 
CSA output while in the second case the duration of a pulse can be measured using a counter [3]. The difference, 
between a reference capacitor and the unknown one can be measured by circuits like the one presented in [4]. A 
configurable on-chip reference capacitor has been used in [4]. A configurable reference capacitor has also been 
proposed in [6] where 6 input sensors are multiplexed and 3 capacitors are combined to form reference values 
between 250fF to 15pF in steps of 250fF. In one of the supported operating modes in the approach presented in [9], 
a single sensor value is estimated using a programmable on chip reference capacitance between 0 and 19.125pF 
configurable in steps of 75fF.  
In this work, the capacitance of a biosensor is measured by discharging a capacitor through a small current source 
(in the order of 1 μA) which is preferable to the use of a CSA (integrator) since it can accommodate broader ranges 
of biosensor capacitance values without facing overload or oscillation effects. The biosensor discharge time period 
is measured by a 16-bit synchronous counter that uses a fast clock generated by a low complexity frequency 
multiplier driven by a 4-times lower frequency external clock. A 16-bit Parallel In-Serial Out (PISO) register 
captures the final value of the counter. An integrated circuit has been fabricated in TSMC 90nm CMOS process 
incorporating the 16-bit counter, the PISO register, the frequency multiplier, the current source and a 6x64 address 
decoder that selects one of 64 biosensors. The address decoder input is driven by an internal Serial In Parallel Out 
(SIPO) register that is fed serially with the biosensor address through a 2-wire interface. A low cost microcontroller 
drives the signals of the fabricated chip and performs several post processing operations. Moreover, it allows the 
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connection of the readout system to a host computer through USB or RS232 interface. An extended version of the 
implemented readout circuit is also proposed by the authors in [8] where the difference is measured between the 
unknown biosensor and a configurable reference capacitor with a theoretical accuracy of 2.44fF.  
The implemented biosensor array readout system is presented in detail in Section 2. Experimental results and 
discussion is presented in Section 3. 
2. Biosensor array readout system architecture 
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Fig. 2. The architecture of the biosensor readout system. 
As already mentioned in the introductory section, the address of the selected biosensor is sent through a two-wire 
serial interface (Addr, SCK1) at the fabricated integrated circuit the architecture of which is presented in Fig. 2. The 
6-bit address is padded with two additional bits reserved for future extensions. Each bit of this address is shifted into 
an 8-bit SIPO register through the Addr input at the rising edge of the serial clock SCK1. The Addr and SCK1 lines 
are driven by the microcontroller used on the prototype board. When all the 8-bits have been shifted in, they are 
driven in a parallel to the 6x64 address decoder than activate one of the 64 tri-state buffers at its output. In this way 
only one biosensor is connected to the strobe signal STB that is activated by the microcontroller after the address 
has been sent. The STB pulse charges the biosensor capacitance with a constant current determined by the current 
source connected at the output of the sensor. The voltage at the input of the current source has a sawtooth form as 
shown in Fig. 3. The comparator CMP of Fig. 2 accepts as inputs the sawtooth curve of Fig. 3 and a low voltage 
threshold (that is ommited for simplicity reasons) in order to generate a rectangular pulse with duration proportional 
to the measured capacitance. This pulse enables the 16-bit counter that had been reset before STB was activated. 
When the pulse at the CMP output ends, the value of the 16-bit counter is latched at the 16-bit PISO register. This 
value can be read by the microcontroller through a second pair of wires (Val, SCK2) when the signal BSY/RDY~ 
indicates that the conversion is over.  
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Fig. 3. The voltage at the current source input for capacitance values 1pF-180pF. 
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Fig. 4. The developed prototype board for the biosensor readout system. 
The prototype board of the developed system appears at Fig. 4. As already mentioned, the embedded 
microcontroller is responsible for driving and checking the signals STB, SCK1/2, Addr, Val, BSY/RDY~ in order to 
initiate a biosensor measurement and read the results. Biosensor read commands can be sent by a host computer to 
the developed prototype board through the USB connector. These commands include individual biosensor access 
and burst reads. The microcontroller implements the communication protocol and is capable of filtering the results 
rejecting noisy samples before sending back the measurement results to the host computer. For example, the 
firmware of the microcontroller is capable of retrieving a number of measurements from the same biosensor, 
rejecting the samples with extreme values and averaging the rest of them.  
The protocol defined to read the biosensor values by a host computer is demonstrated in Fig. 5. The protocol 
characters are defined in ASCII and are echoed back to the host in order to allow the easy testing of the readout 
system through a hyperterminal. The protocol includes the read of individual biosensors as well as the burst read of 
the biosensor values in a sequential manner. For example, in the example shown in Fig. 5 a number of characters are 
initially sent by the host that are not recognized by the biosensor readout system. Then, the value of the biosensor 
with addres 21 is asked by sending the ASCII characters: ‘A’, ‘2’, ‘1’. The biosensor readout system replies with the 
message “RH0000” which is interpreted as (R)ead operation, in (H)exadecimal and the returned value is 0 (4 
hexadecimal digits representation).  In the specific example the biosensors are not connected to the system and all 
the values are returned to be 0. The 16-bit value returned is the counter value (Mx) and its use to estimate the 
capacitance is described in the equation (1) in the following section. The Burst operation is initiated when the 
transmitter sends the character ‘B’. In this operation the biosensor values are read once. The Continuous operation is 
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initiated when the transmitter sends the character ‘C’ and in this case the biosensor values are continuously scanned 
from address 0 to 63 and all over again until the character ‘S’ is sent. 
 
 
 
 
 
 
Fig. 5. Simple control of the biosensor readout system through a hyperterminal. 
3. Experimental results - discussion 
When a 97pF capacitance was read the duration of the comparator output pulse was 184us. The clock used as an 
input to the frequency multiplier was 48MHz, thus the internal counter clock frequency was 4×48=192MHz. The 
counter output under these conditions was the hexadecimal value: 0x8688±4. When a 33pF input capacitance was 
measured, the duration of the CMP output was 27.6us and the frequency multiplier input clock was 100MHz. The 
counter value read in this case is 0x285C±8. The fluctuation in the values read is caused by the slow rise time of the 
CMP output pulse and is minimized by setting high the counter enable threshold. The maximum resolution that 
could be achieved is reduced by about 3-bits due to this fluctuation. More specifically, the theoretical mapping of 
counter values to real capacitance ones is given by   
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where Cx is the unknown capacitance, Cmin and Cmax are the minimum and maximum capacitances of the 
supported range and Mmin, Mmax are the corresponding counter values measured. The parameter Mx is the counter 
value for the unknown capacitance Cx. The developed readout system shows a good linearity in the capacitance 
range between 20pF and 200pF. If a fast enough internal counter clock is used to exploit all the 16-bit counter 
values, the achieved resolution would be 180pF/65536=2.74fF. Taking into consideration the fluctuation error 
measured experimentally in the counter value read, the accuracy is about 22fF. Accuracy close to the 2.74fF can be 
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achieved though, if the averaging process implemented by the microcontroller is activated.  
The capacitance values of 20pF and 200pF correspond to counter values 1870h and F480h when the counter 
clock is driven by an external 100MHz oscillator. The best experimental resolution that can be achieved is (200pF-
20pF)/(0xF480-0x1870)=3.195 fF if multiple samples are averaged as already mentioned. The time needed for a 
single biosensor read in the worst and best case is 0xF480×2.5ns=156.48μsec and 0x1870×2.5ns=15.64μsec, thus 
the average time needed for a single read with 22fF accuracy is about 86μsec including the time for the serial read of 
the measured value by the microcontroller. The time needed to approximate the best resolution (3.195fF) that can be 
achieved with the developed prototype depends on the number of samples averaged. Table I compares the features 
of the proposed solution with the referenced ones. As can be seen from this table, the proposed approach achieves a 
very good resolution compared to its range and the best convergence time. 
Table 1. Comparison with referenced approaches. 
Reference Resolution Range Conversion time 
This Work  22fF (3.195fF) 20pF.. 180pF 15.64 to 156 μsec (156-
1560 μsec if 10 samples 
are averaged)  
[3] 0.01%  10nF.. 50nF Several ms 
[6] 1fF 10pF 100ms 
[7] 10.7bits Order of 20pF 22ms 
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